The purpose of this study was to determine if a donor age effect exists for the frequency of aneuploidy and other chromosome abnormalities in human spermatozoa. Sperm samples were collected from 18 healthy men from the general population. Each individual belonged to one of six age groups (20-24, 25-29, 30-34, 35-39, 40-44, ജ45 years) with three men in each group. Two multicolour fluorescence in-situ hybridizations were performed on spermatozoa from each donor using probes for chromosomes 13 and 21, and two chromosome 1-specific probes allowed for detection of duplications and deletions as well as disomy of chromosome 1. The abnormality frequencies and the Pearson correlation coefficients were calculated to determine if a relationship existed between donor age and the frequency of chromosome abnormalities in spermatozoa. A statistically significant association with donor age was detected for the frequency of acentric fragments of chromosome 1 (P < 0.05).
Introduction
The relationship between age and reproduction has been of significant interest to both modern and ancient scientists. Aristotle recommended that men become fathers between 37 and 54 years of age and women become mothers between 18 and 36 years of age (Cline Horowitz, 1976) . Several thousand years later, Aristotle's advice [recently confirmed by Haidl et al. (1996) ] is not completely unreasonable, given our knowledge of the increased frequency of aneuploid conceptions with increasing maternal age and the increased frequency of autosomal dominant disorders, such as achondroplasia, with increasing paternal age (Penrose, 1955) .
With the maternal age effect accepted as an irrefutable phenomenon, attempts have been made to determine if a paternal age effect exists for aneuploidy. Several epidemiological studies have been carried out with conflicting results (Carothers et al. 1978 (Carothers et al. , 1984 Ferguson-Smith and Yates, 1984; Stene et al., 1987; Hatch et al., 1990; de Michelena et al., 1993; Thepot et al., 1996) . The different populations investigated by these studies include aneuploid abortuses, liveborns, fetuses which have undergone prenatal diagnosis, pregnancies achieved through artificial insemination, and adults from endocrine/ fertility clinics, mental institutions or hospitals. Unfortunately, problems with sample differences, confounding variables and the inability to isolate maternally derived cases from paternally derived cases render it very difficult to assign a definitive role for paternal age in aneuploidy from these studies.
With molecular techniques, it is now possible to examine families with aneuploid children to accurately determine whether the chromosome imbalance originated in the egg or the spermatozoa. Numerous studies of Down's syndrome families have shown that approximately 5-10% of cases of trisomy 21 can be attributed to paternal errors (Antonarakis et al., 1991; Lorber et al., 1992; Howard et al., 1993; Yoon et al., 1996) . Similarly, studies of trisomy 13 and trisomy 18 have demonstrated that the vast majority of aneuploidy originates with the maternal chromosomes, with only about 10% of cases being attributed to paternal errors (Hassold et al., 1987; Kupke and Müller, 1989; Nothen et al., 1993; Ya-gang et al., 1993; Fisher et al., 1995) . A very different distribution of paternal and maternal errors is observed in families of individuals with Klinefelter syndrome. Three studies have shown that the incidence of paternal errors in 47, XXY individuals is approximately 50%; however, two out of the three studies provide no evidence of a paternal age effect (Jacobs et al., 1988; MacDonald et al., 1994) while one study revealed increased paternal age in 23 cases (Lorda-Sanchez et al., 1992) . Although the parent-of-origin studies provide some information regarding the paternal contribution to aneuploidy, these studies are limited in that only clinically recognized pregnancies are investigated. Practically all monosomies and most trisomies do not survive to a gestational age which can be medically recognized and, as a result, only certain aneuploidies are amenable to large-scale clinical studies.
One way to circumvent the problems encountered in evaluating a paternal age effect with epidemiological and clinical studies is to examine spermatozoa directly. Through the use of the zona pellucida-free hamster egg technique, 30 men from six age groups were studied with a minimum of 30 sperm karyotypes analysed per individual (Martin and Rademaker, 1987) . A positive age effect was found for structural abnormalities only. Although this technique allows for examination of an entire sperm karyotype, it is extremely time-consuming, labour-intensive and expensive. Fluorescence in-situ hybridization (FISH) is an inexpensive technique which allows for the scoring of a large number of spermatozoa within a relatively short period and also has been used to determine if aneuploidy frequency increases with increasing donor age (Griffin et al., 1995; Robbins et al., 1995) . The sex chromosomes as well as chromosome 1, 12, 8 and 18 have all been investigated for an age effect, with all studies finding an age effect for aneuploidy of the sex chromosomes. However, chromosome 1 was the only autosome reported to be associated with an increased disomy frequency with increasing donor age . This study reports on the relationship between disomy frequencies for chromosomes 13 and 21 and donor age. Because of the reported correlation between structural abnormalities and donor age using the hamster technique (Martin and Rademaker, 1987) , a new FISH method was utilized to determine if the frequency of deletions and duplications of chromosome 1 is associated with donor age (Van Hummelen et al., 1996) .
Materials and methods

Donor recruitment
Eighteen men were recruited from the general population for this study: three donors from each of the following six age groups, 20-24, 25-29, 30-34, 35-39, 40-44 and ജ45 years of age. All donors gave informed consent and provided general information regarding their age, previous drug and radiation exposures, reproductive history and current health. Only those men who had no history of radiotherapy, chemotherapy or chronic illnesses were accepted into the study. This research was granted ethics approval by our institutional ethics committee.
Sperm preparation
All specimens were collected in sterile containers and prepared for cryopreservation. This procedure has been extensively described previously (Martin et al., 1991) . Frozen semen was thawed as required and washed once in a 50% Percoll solution or 0.01 M Tris-0.9% NaCl followed by a second wash in 0.01 M Tris-0.9% NaCl. To prepare slides, between 0.5 µl and 2.0 µl of washed spermatozoa were smeared over a 1 cm 2 area on each slide, which was marked with a diamond-tipped scribe and allowed to air dry. Sperm were decondensed by immersing the dried slides in 10 mM dithiothreitol (DTT)/0.1 M Tris for 5 to 30 min at room temperature, followed by immersion in 1 mM DTT/10 mM lithium diiodosalicylate/0.1 M Tris for 30 min to 2.5 h at room temperature. The slides were then briefly rinsed in a solution of 2ϫstandard saline citrate (SSC) and allowed to air dry. Spermatozoa were optimally decondensed when the cells were 1.5-2 times their original size. The wide range of decondensation times is reflective of donor sensitivity to the solutions.
Investigator blinding
As all the data collection was to be performed by the author, a system was developed to conceal the donor's age while the data were being accumulated. Random numbers were assigned to each donor and recorded by a laboratory technician. Frozen straws were thawed by laboratory members other than the author and were labelled with the assigned random number. Donor ages and identities were therefore unavailable to the author until after data collection was completed.
Probes
Two multi-colour hybridizations were performed on each of the 18 donors. One hybridization used a 13/21 dual-probe mixture purchased from Vysis (Downers Grove, IL, USA) to assess disomy frequencies for both chromosomes. The second hybridization used a relatively new technique which detects disomy for chromosome 1 as well as duplications and deletions of 1p and has been described previously (Van Hummelen et al., 1996) . For this particular set of hybridizations, a 1p midisatellite probe was purchased from Oncor (Gaithersburg, MD, USA) and was used in combination with a chromosome 1 satellite III probe (Cooke and Hindley, 1979) as well as a chromosome 12 alpha satellite probe (Baldini et al., 1990) . The probe for chromosome 12 functioned strictly as a control signal to distinguish between spermatozoa disomic for chromosome 1 and diploid cells.
Fluorescence in-situ hybridization
Chromosomes 13 and 21
Each slide was denatured in a coplin jar containing 70% formamide/ 2ϫSSC (pH 7.5) at 70°C to 74°C for 5 to 8 min. The slide was immersed in a 70%, 85% and 95% ethanol series at -20°C for 1 min each and placed on a slide warmer at 45°C. The probe was supplied premixed and denatured, therefore 10 µl of the thawed probe mix was applied directly to the slide, which was then covered with a coverslip and sealed with rubber cement. Hybridization occurred overnight in a dark humidified container at 37°C, after which one coverslip was removed and the slide was immersed into a posthybridization wash of 2ϫSSC (pH 7.0) at 69 to 72°C for 2 min, followed by a brief rinse in 2ϫSSC/0.1% Nonidet P-40 (pH 7.0-7.5) at room temperature and allowed to air dry in darkness. The slide was mounted either in 4Ј,6-diamidino-2-phenylindole (DAPI II) counterstain (Vysis) or 10 ng/ml DAPI for 12 s and antifade. Slides were stored in the dark at room temperature until viewing.
Chromosome 1 centromere, 1p midisatellite and chromosome 12
Three different forms of the midisatellite probe were used, biotin and digoxigenin labelled as well as fluorescein labelled (all obtained from Oncor). The slide was immersed in a coplin jar containing 70% formamide/2ϫSSC at 69°C to 72°C for 5 min followed by snap cooling in a 70%, 85%, 95% ethanol series for 2 min each. The probe was prepared by combining 7 µl of MM 2.1 (5 ml ultrapure formamide, 0.5 ml 2ϫSSC, 1 g dextran sulphate), 1 µl of salmon sperm DNA, 1 µl of chromosome 1p probe, 1 µl of fluorored™ chromosome 1 cen probe and 1 µl of fluoroblue™ chromosome 12 probe, and denatured at a temperature of 70°C to 73°C for 5 min followed by snap-cooling in an ice-water bath for a minimum of 5 min. Fluorored (cat. no. RPN 2122) and fluoroblue (cat. no. RPN 2123) were supplied by Amersham Canada Ltd (Oakville, Ontario, Canada).
Probe was applied to the etched area on the slide, mounted, sealed with rubber cement and hybridized overnight. The post-hybridization protocol was dependent upon which type of 1p probe was used. For the direct-labelled fluorescein probe, the post-hybridization wash was 2ϫSSC (pH 7.0) at 71°C for 5 min followed by DAPI counterstaining (5 ng/ml, 10 s) and application of antifade. The biotin and digoxigeninlabelled probes required three washes of 2 min each in 50% formamide/2ϫSSC (pH 7.0) post-hybridization solution at 44°C to 47°C. As these 1p probes are indirectly labelled, a detection step was required following the three post-hybridization washes. For the digoxigeninlabelled probe, 20 µl of PNM [100 ml PN buffer pH 8.0 (see below), 5 g powdered non-fat milk, 0.02 sodium azide] was applied to the hybridization area of the slide and left to incubate in the dark at room temperature for 3 to 5 min. The slide was rinsed in PN buffer pH 8.0 [3.8 l sodium phosphate dibasic, 0.2 l sodium phosphate monobasic, 4 ml Nonidet™ P-40 (Sigma, Oakville, Ontario, Canada)] and 15 µl of antidigoxigenin-FITC was applied to the slide, covered with Parafilm and incubated at 37°C for 30 min. The slide was then rinsed in PN buffer pH 8.0, counterstained with 5 ng/ml DAPI for The slide was rinsed in PN buffer and 20 µl of FITC/anti-rabbit antibody (Oncor) was applied to the slide, covered with Parafilm and incubated at 37°C for 15 min. Counterstain and antifade were reapplied as described previously. For the biotin-labelled probe, 15 µl of avidin-FITC was applied to the slide and incubated at 37°C for 15-20 min following the post-hybridization washes. The signal was amplified by applying 15 µl of anti-avidin to the slide and incubating at 37°C for 15 min, followed by 15 µl of avidin-FITC and incubating at 37°C for 15 min. Propidium iodide counterstain (10 ng/ml, 45 to 60 s) and antifade were applied to the slide prior to viewing.
Data collection
All slides were viewed using a Zeiss Axiophot epifluorescence microscope equipped with FITC and AMCA (to view DAPI-stained spermatozoa) single bandpass filters, an FITC/rhodamine dual bandpass filter, a FITC/DAPI/rhodamine triple bandpass filter and a 100-watt power source and bulb. This combination of filters allows for the viewing of red, green and blue signals as well as detection of the sperm heads. Only those slides with a hybridization efficiency of at least 98% were scored. Cells were scored according to the number and colour of the signals present and strict scoring criteria were followed to minimize the influence of observer variability on the calculated frequencies of chromosome abnormalities and aneuploidy . To avoid scoring sperm heads that have been overdecondensed, no spermatozoon more than twice the size of an undecondensed spermatozoon was scored. In addition, the scored sperm heads were intact, non-overlapping with other cells and had a clear border. Duplicate signals were clearly within the sperm cell, of similar size, shape and intensity and a minimum of one signal diameter (domain) apart, in the case of all probes. A minimum of 10 000 spermatozoa was scored per hybridization, thus a total of 20 000 spermatozoa was counted per donor and a grand total of over 360 000 spermatozoa was counted for this study. 
Results
A total of 18 donors were recruited into the six age groups with three donors in each group. Semen parameters such as contaminants and viscosity were recorded as well as sperm morphology, motility and forward progression. All of these factors were within the normal range for each donor. Donor ages ranged from 23 to 58 years of age with a total mean age of 35.6 years. Seven out of the 18 donors did not have children and those individuals were aged 24, 25, 28, 30, 35 and 41 (2) years, therefore no age group was exclusively composed of unproven donors. Disomy, deletion and duplication frequencies for individual donors are given in Table I and mean frequencies, standard deviations and correlation coefficients for each abnormality are given in Table II. The only chromosome abnormality which demonstrated a statistically significant positive association with age was centromeric deletions of chromosome 1 (0.05 Ͼ P Ͼ 0.02). Chromosome 21 consistently demonstrated a higher disomy frequency when compared with disomy frequencies of chromosome 13 and chromosome 1.
Donor heterogeneity within each age group and for each abnormality was determined by a 3ϫ2 χ 2 test and the P-values are given in Table III . Because donor heterogeneity was evident in a number of age categories, the data were analysed on an individual basis rather than by age group. Theoretically, the type of label on the chromosome 1p midisatellite probe should have no effect on abnormality frequency; however, to test this hypothesis, the Kruskal-Wallis test was used to determine if there was a significant difference between the three different probe types. Only abnormalities that were exclusively dependent on the presence or absence of the 1p signal were tested, i.e. 1p duplications and 1p deletions. A significant P-value (P ϭ 0.027) was obtained only when 1p duplications were tested. To further determine the origin of this difference, pairwise comparisons were performed using the Mann-Whitney test with the Bonferroni correction (P Ͻ 0.017). The comparison between 1p duplication frequencies from biotin-labelled and digoxigenin-labelled probes produced a significant result (P ϭ 0.0093), while the comparisons between the direct-labelled probe and the indirectlabelled probes yielded P-values of 0.579 (digoxigenin) and 0.101 (biotin).
Discussion
The purpose of this investigation was to determine if aneuploidy and chromosome structural abnormality frequencies in human spermatozoa are influenced by donor age. The sex chromosomes have been investigated in three previous studies, but also included chromosome 8 (Robbins et al., 1995) , chromosome 18 (Griffin et al., 1995) and chromosomes 1 and 12 . An age effect was detected for the sex chromosomes in all three investigations; however, no such relationship was demonstrated by the autosomes with the exception of chromosome 1 . This study is the first to report on the relationship between age and disomy frequencies for chromosomes 13 and 21, as well as duplications and deletions of chromosome 1. Our results indicate that disomy frequencies for the two acrocentric chromosomes and chromosome 1 are not influenced by donor age, but a significant association between donor age and the occurrence of acentric fragments of chromosome 1 was detected.
Our laboratory has previously reported a mean disomy frequency for chromosome 21 of 0.29% in 5 men which compares reasonably well with the mean disomy frequency of 0.37% in this study. Additional reports include a frequency of 0.38% in a survey of nine men (Blanco et al., 1996) and 0.17% in nine men (Griffin et al., 1996) . In all of the investigations, a comparison of disomy 21 frequency with other autosomes demonstrates that the frequency of disomy 21 is significantly higher, suggesting that this homologue is particularly susceptible to non-disjunction (Blanco et al., 1996; Griffin et al., 1996; Spriggs et al., 1996) . A recent report demonstrated that spermatozoa which are disomic for chromosome 21 are more likely to be Y-bearing than Xbearing (Griffin et al., 1996) ; however, it is unknown what type of interaction is occurring between the sex homologue and the chromosome 21 homologue and if this interaction even plays a major role in the aetiology of disomy 21 in human spermatozoa.
Because three different chromosome 1p probe types were used in this study (see Materials and methods), a comparison of biotin-, digoxigenin-and fluorescein-labelled probes was possible in order to determine if the different types of labels had an influence on abnormality frequency. The results indicate a significant difference in 1p duplication frequencies for the biotin-labelled and the digoxigenin-labelled probes, with the biotin-labelled probes being the higher of the two. This is somewhat unexpected as both of these probes are indirectly labelled and both undergo a detection step, with the only difference between them being the immunological reagents that are used. It is entirely possible that anti-avidin FITC may give more background signals than anti-digoxigenin FITC and this prospect cannot be excluded. Further inspection of the data reveals that the biotin-labelled group also contains the highest frequency of 1p duplications for the entire study (donor #8449, 1.67%). This particular donor has demonstrated an increased frequency of XY disomy in a previous study (1.23%, Kinakin et al., 1997) as well as increased frequencies of disomy 13 and disomy 21 in this study; therefore, the higher frequency of abnormalities for chromosome 1 is not likely to be due to technical problems exclusive to the biotin-labelled probe. If this donor is excluded from the data analysis, the results of the Kruskal-Wallis test are no longer significant (P ϭ 0.061) which suggests that the use of different fluorescent labels on the 1p probe has no influence on the frequency of 1p duplications or deletions.
The FISH technique used to detect structural abnormalities is a very recent development and results have been published on only three men (Van Hummelen et al., 1996) . Through the simultaneous use of a centromeric and a telomeric probe for a single chromosome, duplications and deletions within that chromosome can be detected by the fluorescent signals. A centromeric signal in the absence of a telomeric signal implies loss of the telomeric region and the presence of two centromeric signals with one telomeric signal implies the duplication of the centromere region. The results obtained in this study demonstrate an age effect for the frequency of centromeric deletions of chromosome 1 only. How the effect of age influences the frequency of acentric fragments is purely speculative. Perhaps as a male ages, the risk of improper pairing between homologues or between the short and long arms of one chromosome increases. If unequal crossing over occurs between improperly paired homologues, one would also expect the production of dicentric chromosomes which should also increase with age, unless they are preferentially lost from the sperm cell. Chromosomes have been shown to form a hairpin structure in sperm cells (Zalensky et al., 1995) , so the opportunity does exist for illegitimate pairing within a chromosome to occur and, if followed by a crossover, an acentric fragment and a small fragment of centromeric DNA would result. Again, the fragment containing the centromeric DNA would also need to be lost from the sperm cell in order for the model to conform with the results obtained here. In addition, this hairpin configuration could also permit a break on both sides of the centromere, resulting in a deletion of the centromere, and this occurrence of breakage may also increase with age.
To get a clearer picture of how donor age affects structural abnormalities, the simultaneous use of centromeric and telomeric probes needs to be applied to several chromosomes. Although the sperm karyotyping study detected an age effect for chromosome structural abnormalities (Martin and Rademaker, 1987) , the FISH results may not demonstrate the same, as this technique only detects gain or loss of material and not the rearrangement of chromosomes through balanced translocations or chromosome breaks or gaps that are readily visible on a karyotype. In addition, the sperm karyotyping results are derived from all chromosomes, as opposed to the FISH results which are derived from the structural abnormalities of one chromosome; thus accumulating FISH data on a number of chromosomes using this technique may be required to confirm the karyotyping results.
As shown in the results, significant donor heterogeneity was found across all age groups and, because of this variation within each strata, the data were analysed on an individual basis. The variability in frequencies between donors has been reported for disomy 1 and Y in three donors (Robbins et al., 1993) , XY disomy and YY disomy in 14 donors (Robbins et al., 1995) , disomy 1, disomy 15, YY disomy and XY disomy in five men , disomy 1, XX disomy, YY disomy and diploid frequencies in 10 men and in deletions of 1p in three men (Van Hummelen et al., 1996) . In this study, the variation observed could not be attributed to any one individual within each age group, however donor #8449 has demonstrated high frequencies for diploidy (1.09%) and XY disomy (1.23%) (Kinakin et al., 1997) as well as disomy 13, 21 and 1 and duplications of 1p in this study. This individual is of proven fertility and has had no known exposures, although he is a 2493 smoker. There has been some suggestion that heavy smoking may increase the frequency of disomy in human spermatozoa (Wyrobek et al., 1995) ; however, other smokers in the study did not demonstrate the same increases in abnormality frequencies. Clearly, there is significant variation in chromosome abnormality frequencies in the spermatozoa of the normal male population, making it difficult to detect trends in these abnormality frequencies within a group of individuals. The source of this diversity is unknown; nevertheless, it would be of great interest to clarify if it is due to genetic background or varying levels of exposures such as chemicals, pollutants or illness.
The results of this study indicate that donor age is not associated with an increased frequency of disomy 13 or disomy 21 as assessed by multicolour FISH. Using a new technique to detect duplications and deletions of chromosome 1, no association between donor age and duplications and deletions of the telomere of chromosome 1, duplication of the centromere of chromosome 1 or disomy of chromosome 1 was detected. A donor age effect was detected for deletions of the centromere for chromosome 1. The frequency of aneuploidy and chromosome abnormalities in human spermatozoa varied amongst donors, which can cause difficulty in detecting trends in abnormality frequencies. This variability possibly reflects individual factors, genetic or otherwise, that may play a role in the aetiology of aneuploidy in males.
